Introduction {#sec1}
============

Hydrogels are composed of a cross-linked polymer network and a large amount of water and are widely used in materials science in applications that include soft electronics, drug-delivery systems, tissue-engineering supports, sensors, and actuators.^[@ref1]−[@ref3]^ Despite the widespread use of hydrogel-based materials, and recent developments in the fabrication of hydrogels with improved mechanical properties,^[@ref4],[@ref5]^ enhanced biocompatibility,^[@ref6],[@ref7]^ and self-healing properties,^[@ref8]^ only a few studies have been reported focusing on the modification and functionalization of their exposed surfaces. Surface-modification strategies involving alkylation reactions at the hydrogel/oil interface have been recently reported, yielding superhydrophobic layers on hydrogel surfaces.^[@ref9]^ Moreover, the introduction of reactive double bonds or anchoring groups at the exposed surface of elastomers has enabled the formation of hydrogel "skins" with tunable tribological and wetting properties.^[@ref10]−[@ref12]^ Despite these initial attempts, a simple and versatile route for the surface-confined modification of hydrogels with a variety of functionalities, as well as the controlled grafting of polymer assemblies presenting different chemistries and properties still represent significant challenges. The development of an efficient method to generate polymer-brush-based layers on hydrogels, selectively on their exposed surfaces, could widen the applicability and enrich the properties of such materials.^[@ref13],[@ref14]^ Technologically relevant interfacial properties, such as lubrication and biopassivity, could be precisely adjusted on hydrogel-based biomaterials; thus, reducing unspecific protein contamination within physiological environments and improving the integration of cell-seeded hydrogel scaffolds in the surrounding medium. Moreover, diffusion of biomolecules or smaller species from the environment through the hydrogel matrix could be controlled by confined functionalization with polymer-brush-based coatings that display stimuli-responsive properties.

Controlled radical polymerization methods, including atom-transfer radical polymerization (ATRP) and reversible addition fragmentation chain-transfer polymerization (RAFT), have been recently applied for the fabrication and modification of the inner structure of polymer networks.^[@ref15],[@ref16]^ For instance, structurally tailored and engineered macromolecular (STEM) gels have been introduced by Cuthbert et al.^[@ref17]−[@ref19]^ The STEM networks were prepared by incorporating ATRP inimers, i.e., compounds that act as both initiators and monomers, yielding polymer networks that could be locally modified at a later stage, via the grafting of compositionally different polymers within the gel structure. Following a different approach, Chen et al. have exploited photoinduced RAFT to insert monomers into "parent" gels, thus generating complex networks and introducing a "living additive manufacturing" strategy to fabricate polymeric materials with variable bulk properties.^[@ref20]^ Although the composition and properties of polymer networks could be finely adjusted and, in some cases,^[@ref18]^ spatially controlled, by means of these methods, the modifications were not purely confined to the materials' surfaces, and thus did not enable the modulation of interfacial properties independently from those of the bulk.

In the search for an efficient and versatile method to selectively modify the exposed surface of hydrogels with polymer films featuring tunable chemistry and interfacial properties, we turned our attention to surface-initiated controlled radical polymerization mediated by copper plates (SI-Cu^0^ CRP), which was recently reported as a successful grafting process to grow compositionally diverse polymer brushes from a variety of supports, under ambient conditions.^[@ref21]−[@ref28]^ During SI-Cu^0^ CRP, a copper plate facing an ATRP-initiator-bearing support acts as a source of catalyst, which in the presence of ligand diffuses to the initiating surface to trigger the rapid growth of polymer brushes. Due to the highly confined nature of this process, SI-Cu^0^ CRP is highly tolerant to oxygen, which is rapidly consumed by the oxidation of the Cu^0^ surface.^[@ref21],[@ref26]^ Furthermore, it requires very small volumes of reaction mixtures, which are sandwiched between the opposing surfaces.

Here, we demonstrate that when functional hydrogels are used as initiating supports, SI-Cu^0^ CRP under ambient conditions enables the rapid growth of a variety of polymer brushes, which are specifically located at the surface of the hydrogel. This leads to spatially structured hydrogel--polymer brush interfaces with tunable lubrication properties and responsive behavior.

Experimental Section {#sec2}
====================

Materials {#sec2.1}
---------

2-Hydroxyethyl methacrylate (HEMA), 1-vinyl-2-pyrrolidinone (NVP), 2-(dimethylamino)ethyl methacrylate (DMAEMA), ethylene glycol dimethacrylate, poly(ethylene glycol) methyl ether acrylate (OEGA, average *M*~n~ 480), *N*-isopropylacrylamide (NIPAM), 2-(methacryloyloxy)ethyltrimethylammonium chloride (METAC, 75 wt % in H~2~O), 3-sulfopropyl methacrylate potassium salt (SPMA), 2-methacryloyloxyethyl phosphorylcholine (MPC), fluorescein *O*-methacrylate, *N*,*N*,*N*′,*N*′,*N*″-pentamethyldiethylenetriamine (PMDETA), 2,2′-bipyridine, 2-bromo-2-methylpropionic acid, 4-(dimethylamino)pyridine (DMAP), 2-bromoethanol, 11-bromo-1-undecanol, hexadecane, LiBr, NaHCO~3~, and MgSO~4~ were purchased from Sigma-Aldrich (MO). Dodecyl methacrylate (C12MA, a mixture of C12--C16 methacrylic acid alkylester) was purchased from Merck (Hohenbrunn, Germany). 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) was obtained from Fluorochem Ltd. (Hadfield, U.K.). 2,4,6-Trimethylbenzoyl chloride was purchased from TCI Chemicals (Tokyo, Japan). Dimethyl phenylphosphonite and 6-bromo-1-hexanol were purchased from abcr GmbH (Karlsruhe, Germany). Alcian Blue 8GS was purchased from Fluka AG (Buchs, Switzerland). 2-Butanol was purchased from Roth AG (Gerlafingen, Switzerland). *N*-isopropylacrylamide was purified by crystallizing it from a 60:40 (v/v) toluene/hexane mixture prior to use, while other monomers were used without any purification. Copper plates (99.9%) were obtained from Conrad Electronic AG (Wollerau, Switzerland).

Synthesis of Lithium Phenyl-2,4,6-Trimethylbenzoylphosphinate (LAP) {#sec2.2}
-------------------------------------------------------------------

2,4,6-Trimethylbenzoyl chloride (4.9 mL, 0.029 mol) was added slowly to an equimolar amount of dimethyl phenylphosphonite (5.0 g) under continuously stirring. The mixture was reacted for 20 h at room temperature and then excess lithium bromide (10.2 g) in 2-butanone (150 mL) was added. The reaction was then heated to 50 °C and a white precipitate was formed after 20 min. The mixture was cooled to room temperature, allowed to stand for 4 h, and then filtered. The filtrate was washed and filtered three times with 2-butanone to remove unreacted lithium bromide, and excess solvent was removed under vacuum. The product, lithium phenyl-2,4,6-trimethylbenzoylphosphinate was recovered as white flakes (8.0 g, 93%).

Synthesis of 2-Bromoethyl α-Bromoisobutyrate (C2-Br Modifier) {#sec2.3}
-------------------------------------------------------------

2-Bromoethyl α-bromoisobutyrate was synthesized by an esterification reaction between 2-bromoethanol and 2-bromoisobutyric acid. In a typical procedure, 13.6 g of 2-bromoethanol (1 equiv), 20.0 g of 2-bromoisobutyric acid (1.1 equiv), 31.3 g of EDC hydrochloride (1.5 equiv), and 0.68 g of DMAP (0.05 equiv) were dissolved in 200 mL of dichloromethane in a 500 mL round-bottom flask equipped with a stirring bar in an ice bath. The solution was purged with N~2~ for 20 min and allowed to warm up to room temperature. After 24 h, the solution was washed with 250 mL of 1 M HCl solution, saturated NaHCO~3~ solution, and brine, three times each. The organic phase was collected and dried over anhydrous MgSO~4~. The solvent was removed under vacuum to yield a light yellow liquid product (yield 83%).

Synthesis of 6-Bromohexyl α-Bromoisobutyrate (C6-Br Modifier) {#sec2.4}
-------------------------------------------------------------

2-Bromohexyl α-bromoisobutyrate was synthesized by an esterification reaction between 6-bromo-1-hexanol and 2-bromoisobutyric acid. In a typical procedure, 10.0 g of 6-bromo-1-hexanol (1 equiv), 10.0 g of 2-bromoisobutyric acid (1.1 equiv), 15.6 g of EDC hydrochloride (1.5 equiv), and 0.33 g of DMAP (0.05 equiv) were dissolved in 150 mL of dichloromethane in a 250 mL round-bottom flask equipped with a stirring bar in an ice bath. The solution was purged with N~2~ for 20 min and allowed to warm up to room temperature. After 24 h, the solution was washed with 250 mL of 1 M HCl solution, saturated NaHCO~3~ solution, and brine, three times each. The organic phase was collected and dried over anhydrous MgSO~4~. The solvent was removed under vacuum to yield a light yellow liquid product (yield 82%).

Synthesis of 11-Bromoundecanyl α-Bromoisobutyrate (C11-Br Modifier) {#sec2.5}
-------------------------------------------------------------------

2-Bromohexyl α-bromoisobutyrate was synthesized by an esterification reaction between 11-bromo-1-undecanol and 2-bromoisobutyric acid. In a typical procedure, 40.0 g of 11-bromo-1-undecanol (1 equiv), 29.2 g of 2-bromoisobutyric acid (1.1 equiv), 45.3 g of EDC hydrochloride (1.5 equiv), and 0.95 g of DMAP (0.05 equiv) were dissolved in 300 mL of dichloromethane in a 500 mL round-bottom flask equipped with a stirring bar in an ice bath. The solution was purged with N~2~ for 20 min and allowed to warm up to room temperature. After 24 h, the solution was washed with 350 mL of 1 M HCl solution, saturated NaHCO~3~ solution, and brine, three times each. The organic phase was collected and dried over anhydrous MgSO~4~. The solvent was removed under vacuum to yield a light yellow liquid product (yield 85%).

Preparation of Initiator-Modified p(HEMA--NVP--DMAEMA) Hydrogel {#sec2.6}
---------------------------------------------------------------

p(HEMA--NVP--DMAEMA) hydrogel was first prepared by copolymerizing HEMA (20 wt %), NVP (10 wt %), DMAEMA (20 wt %), and ethylene glycol dimethacrylate (0.1 wt %) with LAP (0.15 wt %) as initiator in H~2~O under 365 nm UV for 40 min. The as-prepared hydrogels were thoroughly washed with Milli-Q water and the residual water on hydrogel surface was removed under a N~2~ flow. Subsequently, the hydrogel was immersed in a hexadecane solution with bromoalkyl α-bromoisobutyrate modifier (1 wt %) for 12 h.

Cu^0^-Mediated Controlled Radical Polymerization on Hydrogel Surface {#sec2.7}
--------------------------------------------------------------------

A copper plate (10 × 10 cm^2^) was washed with 4 M HCl for 5 min. The initiator-modified hydrogel substrate was sandwiched with the copper plate leaving a gap of ∼0.5 mm with the aid of two Si wafer shims. A polymerization mixture including monomer (2 M) and PMDETA or 2,2′-bipyridine (50 mM) was injected into the gap by using a pipette and the reaction was left under ambient conditions for 15 min. For the SI-Cu^0^ CRP of OEGA, NIPAM, METAC, SPMA, and MPC, water or methanol--water mixture (1:1 v/v) were used as solvents. For the SI-Cu^0^ CRP of C12MA and the copolymerization of OEGA and fluorescein *O*-methacrylate, DMF was used as a solvent.

Instruments and Characterization {#sec2.8}
--------------------------------

^1^H and ^13^C nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Avance III 300 MHz spectrometer. Fourier-transform infrared (FTIR) spectra were obtained by a Bruker ALPHA spectrometer equipped with a single-reflection diamond attenuated total reflection (ATR) accessory. Fluorescence images were captured using an Axio Imager M1m microscope (Zeiss, Germany). Scanning electron microscopy (SEM) images were taken with a LEO Gemini 1530 instrument (Carl Zeiss GmbH, Oberkochen, Germany). Friction tests were performed on a standard pin-on-disc tribometer (CSM Instruments, Peseux, Switzerland). The stroke length was set to 10 mm and sliding speeds were varied from 0.1 to 10 mm s^--1^. The normal load was set to 0.6 N, which corresponds to a contact pressure of about 20 kPa. The coefficient of friction (μ) was defined as the friction force divided by the normal load and was determined for each cycle from the middle 20% of the stroke length.

Results and Discussion {#sec3}
======================

As illustrated in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, a surface modifier, bromoalkyl α-bromoisobutyrate was selectively immobilized on the surface of a dimethylamino group-containing hydrogel through an interfacial quaternization reaction. The pendant α-bromoisobutyrate group served as a typical ATRP initiating group for the subsequent radical polymerization. Surface-initiated radical polymerization was then used to graft various polymer brushes onto the hydrogel surface in the air by using a copper plate as the catalyst source without the need for additional Cu^I/II^ salts.^[@ref21],[@ref22]^

![Preparation of polymer-brush-grafted hydrogel surfaces via interfacial modification and subsequent grafting polymerization. (a) Initiator-modified p(HEMA--NVP--DMAEMA) hydrogel substrates were first prepared by a confined reaction with a surface modifier at the interface between the aqueous hydrogel matrix and an oil (hexadecane) phase. (b) Surface functionality can be varied by grafting different polymer layers to the hydrogel via SI-Cu^0^ CRP in air.](am9b21399_0006){#fig1}

The hydrogels used as substrates for the subsequent interfacial growth of polymer brushes by SI-Cu^0^ CRP were synthesized by UV polymerization of 2-hydroxyethyl methacrylate (HEMA), *N*-vinyl-2-pyrrolidone (NVP), and 2-(dimethylamino)ethyl methacrylate (DMAEMA) in the presence of ethylene glycol dimethacrylate as the cross-linker and lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) as the UV initiator ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). p(HEMA--NVP)-based hydrogels have been frequently employed in the formulation of soft contact lenses, and possess good mechanical properties and relatively low water content of ∼60%, which implies a relatively high surface concentration of polymer chains. The introduction of DMAEMA as a comonomer during hydrogel synthesis provided reactive dimethylamino groups for the immobilization of bromoalkyl α-bromoisobutyrate species through an interfacial quaternization reaction, leading to the formation of an ATRP-initiator layer ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a).^[@ref9],[@ref29]^

Three surface modifiers with different alkyl chain lengths between the primary bromine function and the α-bromoisobutyrate group were synthesized, including 2-bromoethyl α-bromoisobutyrate (C2-Br), 6-bromohexyl α-bromoisobutyrate (C6-Br), and 11-bromoundecanyl α-bromoisobutyrate (C11-Br) (see [Figures S1--S3](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b21399/suppl_file/am9b21399_si_001.pdf) in the Supporting Information). Since the reaction between the hydrophobic surface modifiers and the dimethylamino groups at the hydrogel surface was carried out in hexadecane, which is immiscible with the aqueous phase incorporated within the network, the formation of the ATRP initiator layers remained confined to the hexadecane/hydrogel interface. Dichloromethane as the oil phase has also shown to be an effective solvent for the quaternization reaction at the hydrogel surface, but displays imperfect immiscibility with water and therefore penetrates the hydrogel for up to micrometers from the outer surface.^[@ref9]^ Thus, in this case, subsequent grafting of a hydrophilic polymer brush may give rise to a thick swollen layer just under the hydrogel surface due to the high osmotic pressure. To retain the bulk mechanical properties, hexadecane is preferably employed to provide more surface-confined modification of the hydrogel.

As illustrated in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, an activated copper plate was covered with the modified hydrogel, using Si wafer shims as spacers to generate a gap of ∼0.5 mm (see [Experimental Section](#sec2){ref-type="other"}). The gap between the metallic plate and the hydrogel was filled with polymerization mixtures including different monomers, solvents, and ligands. We note here that the spacing distance was optimized according to a reference experiment with a tilted copper plate ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b21399/suppl_file/am9b21399_si_001.pdf)), which is also consistent with the previously reported procedures by Jordan et al.^[@ref21]^ The grafting polymerizations were conducted in air under ambient conditions and without degassing the polymerization mixtures. The oxygen dissolved in the reaction medium was rapidly consumed by the oxidation of the Cu^0^ surface, generating a Cu*~x~*O oxide layer (crucial to the SI-Cu^0^ CRP process) that serves as source of Cu^I^ and Cu^II^ species, which in the presence of *N*,*N*,*N*′,*N*′,*N*″-pentamethyldiethylenetriamine (PMDETA) ligand diffuse to the initiator-bearing interface triggering the growth of polymer grafts.^[@ref21],[@ref26]^

SI-Cu^0^ CRP of a mixture of oligo(ethylene glycol) acrylate (OEGA) with trace amounts of fluorescein *O*-methacrylate in dimethylformamide (DMF) enabled the fabrication of brushes that could later be visualized on the hydrogel surface by fluorescence microscopy ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b). The recorded linear increment in fluorescence intensity with increasing polymerization time suggested a progressive growth of POEGA brushes from the modified hydrogel surface and confirmed the controlled character of SI-Cu^0^ CRP.^[@ref26]^

![(a) A fluorescent, FITC-labeled POEGA polymer brush grafted onto a hydrogel surface. (b) Fluorescence intensity of an FITC-labeled polymer brush synthesized for different polymerization times. (c) ATR-FTIR spectra of bare hydrogel and various polymer brushes grafted on the hydrogel surface, including POEGA, PNIPAM, PMETAC, PSPMA, and PMPC.](am9b21399_0001){#fig2}

A variety of hydrophilic and ionic monomers could be polymerized from ATRP initiator-modified hydrogels by SI-Cu^0^ CRP, and using water or methanol--water mixtures as solvents for the polymerization process.^[@ref21],[@ref22]^ As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c, attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy confirmed the successful growth of relatively thick and compositionally diverse polymer brushes from the hydrogel surface following just 15 min of polymerization, including poly(*N*-isopropylacrylamide) (PNIPAM), poly(2-methacrylolyloxyethyl-trimethylammonium chloride) (PMETAC), poly(3-sulfopropyl methacrylate potassium salt) (PSPMA), and poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC).

SI-Cu^0^ CRP allowed the surface properties of hydrogels to be tuned, even to a large extent, for example by polymerizing a long-alkyl-side-chain methacrylate, yielding hydrophobic brush layers ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). Specifically, poly(dodecyl methacrylate) (PC12MA) brushes could be successfully grown in DMF using 2,2′-bipyridine as a ligand ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b21399/suppl_file/am9b21399_si_001.pdf)). After 1 h of polymerization, the static water contact angle on the hydrogel surface increased from 45 to 92° ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b), indicating the successful formation of a uniform PC12MA brush coating.

![(a) Hydrophobic alkyl methacrylate polymer brush grafted on a hydrogel surface. (b) Water contact angles for the bare hydrogel and grafted polymer brush after SI-Cu^0^ CRP. (c) Flow behavior of an impinging water jet on the surface of the bare hydrogel and hydrophobic polymer brush-modified hydrogel. (d) Images of bare hydrogel and modified hydrogel under a flow of an Alcian blue-containing aqueous solution, showing the barrier properties of the grafted hydrophobic polymer layer.](am9b21399_0002){#fig3}

Tuning of hydrogel wettability through SI-Cu^0^ CRP was further demonstrated by allowing a water jet to impinge on the hydrogel surface before and after modification with PC12MA brushes. As displayed in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c, the liquid jet was distorted and the water spread out when the jet reached the hydrophilic hydrogel surface before modification. In contrast, due to the hydrophobic character of the PC12MA brush, the impinging jet could not wet the modified hydrogel. The presence of a PC12MA brush additionally influenced the diffusion of small molecules from the solution through the functionalized hydrogel. As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d, an Alcian blue solution could not penetrate through the hydrogel interface when the PC12MA brush was present at the interface, while the same dye could easily and quickly diffuse into the pristine matrix.

Loosely cross-linked or sparse network structures reduce the friction on hydrogel surfaces, as reported in our recent studies.^[@ref30],[@ref31]^ The growth of polyelectrolyte brushes by SI-Cu^0^ CRP enabled the formation of highly swollen and lubricious polymer layers on p(HEMA--NVP--DMAEMA) hydrogels. SEM images of the freeze-dried hydrogel sample confirmed the different morphologies at the surface layer and in the bulk hydrogel ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b21399/suppl_file/am9b21399_si_001.pdf)). Tribological tests were performed by using a pin-on-disc device to evaluate the lubricity of PMPC-, PSPMA-, and PMETAC-modified hydrogels. An 18 mm diameter glass hemisphere was employed as a counter surface sliding against the differently modified hydrogel surface immersed in ultra-pure water in reciprocating mode with a stroke length of 10 mm ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a).

![(a) Schematic of the tribological measurements performed in a linear reciprocating mode. (b) Schematic of the glass probe sliding against modified hydrogel and bare hydrogel. (c) Coefficients of friction for various polymer brush-grafted hydrogel surfaces (PMPC, PSPMA, PMETAC brushes on hydrogel, and bare p(HEMA--NVP--DMAEMA) hydrogel) at different sliding velocities under a constant load of 0.6 N. (d) Long-term sliding measurement of the bare hydrogel and PMETAC-modified hydrogel under a constant load of 0.6 N and sliding velocity of 1 mm s^--1^.](am9b21399_0003){#fig4}

Representative friction loops recorded by pin-on-disc at a sliding velocity of 0.1 mm s^--1^ on bare and PMPC brush-modified hydrogels are shown in the Supporting Information ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b21399/suppl_file/am9b21399_si_001.pdf)). The oscillating signals ("stick-slip") appearing at lower sliding velocities indicate significant adhesion between the glass probe and the bare hydrogel surface during the sliding test. However, following the growth of a PMPC brush by SI-Cu^0^ CRP, a stable coefficient of friction (μ) below 0.01 was recorded along the entire stroke length ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b21399/suppl_file/am9b21399_si_001.pdf)). The reduction in friction observed for polymer-brush-functionalized hydrogels was presumably due to a combination of their pronounced hydration, which provides a significant amount of fluid lubricant at the interface, and the osmotic pressure exerted by the brushes on the compressing probe, which confer to them a unique load-bearing capacity ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b).^[@ref31]−[@ref33]^

The sliding velocity plays an important role in determining the μ due to poro- and/or viscoelastic dissipation effects resulting from the deformation of the hydrogel surfaces. Within a range of sliding velocities included between 0.1 and 10 mm s^--1^, PMPC, PSPMA, and PMETAC brush-bearing hydrogels all showed a significantly lower μ with respect to that recorded on the bare, unmodified hydrogel ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c). In particular, all the different brush interfaces were characterized by μ values ranging from 0.01 to 0.04. The higher, speed-dependent friction on bare hydrogel could be due to the shearing of a thin water layer between the glass surface and the almost impermeable cross-linked hydrogel surface. On the other hand, the lubricious surface of the polyelectrolyte polymer brush-modified hydrogels could enable an increased penetration depth of the shearing fluid and thus reduced and less speed-dependent friction.^[@ref31]^

To investigate the long-term tribological performance of the polymer brush-modified hydrogels, the bare hydrogel and the PMETAC brush-bearing hydrogel were both slid against a glass hemisphere for 20 h. No visible wear was observed on the surface of either the bare hydrogel or the PMETAC brush-bearing hydrogel. As shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d, the μ of the bare hydrogel started at 0.13 and dropped to a value of about 0.08 in the 1st hour, presumably due to slight wear of the hydrogel surface. The bare hydrogel exhibited a μ value exceeding 0.09 for a majority of the 20 h measurement period. However, the μ of the PMETAC brush-bearing hydrogel showed a pronounced low value of around 0.01 over the entire measurement, indicating stable lubrication performance and no indication of a transition to the bare-gel value.

Stimuli-responsive polymer brushes have found myriad applications in fabricating adaptive or responsive smart materials by controlling surface wettability and morphology or harnessing stimulus-induced structural changes for mechanical actuation and sensing.^[@ref34],[@ref35]^ When p(HEMA--NVP--DMAEMA) hydrogel surfaces were functionalized by PNIPAM brushes, hydrogels exhibiting thermally switchable frictional properties were obtained. As PNIPAM brushes undergo a conformational change from swollen to collapsed grafts across the lower critical solution temperature (LCST) of the polymer in water, a simultaneous increment in friction is typically observed.^[@ref36]−[@ref38]^ The tribological properties of PNIPAM brush-modified hydrogels were measured by pin-on-disc while varying the temperature of the aqueous medium between 20 and 40 °C. As reported in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, the average values of μ varied between 0.05 at 20 °C, and 0.23 at 40 °C. In addition, repeated temperature increments above PNIPAM LCST were mirrored by full recovery of brush lubricity when the temperature was subsequently decreased, confirming the reversibility in the interfacial properties of the brush-bearing hydrogels.

![Coefficient of friction for PNIPAM-modified hydrogel surface measured under switching temperatures from 20 to 40 °C. The coefficient of friction is typically four times higher at 40 °C than that at 20 °C.](am9b21399_0004){#fig5}

Conclusions {#sec4}
===========

In conclusion, we have demonstrated that SI-Cu^0^ CRP represents a highly versatile technique for the customized functionalization of hydrogels with chemically diverse polymer brushes under ambient conditions. The surface-confined grafting of various polymer brushes onto the hydrogel surface can be used to tailor the physicochemical properties of the system, e.g., hydrophobicity, lubricity, or thermal responsiveness. Controlled grafting of hydrophobic PC12MA-based brushes was shown to impart barrier properties toward the diffusion of small molecules from the surrounding medium through the hydrogel structure. Furthermore, grafting of polyelectrolyte brushes generated hydrogels with enhanced lubricity, nearly matching the nanotribological behavior typically observed within the articular joints of mammals. Finally, the growth of thermoresponsive brushes enabled the design of hydrogel surfaces with switchable interfacial properties. While the design principle may be extended for the development of coatings for other types of elastomeric and complex materials, the current functionalization strategy may already have practical applications in areas related to the modification and design of interfaces, such as bioactive scaffolds, artificial cartilage, and composite hydrogels.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsami.9b21399](https://pubs.acs.org/doi/10.1021/acsami.9b21399?goto=supporting-info).Synthesis route; ^1^H and ^13^C NMR spectra of bromoalkyl α-bromoisobutyrates; ATR-FTIR spectra; representative friction loop ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b21399/suppl_file/am9b21399_si_001.pdf))
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